Introduction: Apraxia is common in neurodegenerative dementias but underrepresented in clinical workup for differential diagnoses. Methods: Praxis-profiles were assessed with the Dementia Apraxia Test in 93 patients with early stages of biologically supported Alzheimer's disease or frontotemporal lobar degeneration: semantic primary-progressive aphasia, nonfluent primary-progressive aphasia, and behavioral variant frontotemporal dementia. Associations with core cognitive deficits of the dementia subtypes (i.e., visuospatial, sociocognitive, and semantic-linguistic) were explored. Results: Patients showed significant apraxia compared with healthy controls but also disease-specific praxis-profiles. Using only the Dementia Apraxia Test, all four dementia subtypes could be correctly discriminated in 64.4% of cases, and in 78.2% when only distinguishing Alzheimer's disease versus frontotemporal lobar degeneration. Praxis-profiles showed consistent associations with core cognitive impairments of the different dementia subtypes. Discussion: The Dementia Apraxia Test is a valid, time-efficient and versatile cognitive marker to delineate variants of frontotemporal lobar degeneration and Alzheimer's disease in clinical routine, facilitating differential diagnoses of dementia subtypes in early disease stages.
Background
Apraxia relates to a neuropsychological deficit regarding imitation or pantomiming of limb or face postures despite intact sensorimotor skills and task comprehension [1, 2] . Impairments in praxis may occur early in a range of neurocognitive disorders and can be used as a cognitive marker for early neurodegenerative dementias [3] [4] [5] . Despite its recent inclusion as a basic cognitive domain in the Diagnostic and Statistical Manual of Mental Disorders (5th Edition), praxis assessment is underrepresented in both routine neuropsychological workup and current diagnostic criteria for neurocognitive disorders [6, 7] .
Disease progression, rate of functional decline, caregiver burden, and therapeutic approaches differ profoundly between neurodegenerative dementia subtypes [8, 9] . A correct differential diagnosis in early disease stages is thus essential for patients, caregivers, and health practitioners.
In the absence of ready-to-use biomarkers for frontotemporal lobar degeneration (FTLD), clinical criteria for the behavioral variant frontotemporal dementia (bvFTD) and the two language variants, nonfluent primary progressive aphasia (nfPPA) and semantic variant primary progressive aphasia (svPPA), have been consecutively refined, improving their diagnostic accuracy [10, 11] . Nevertheless, neither unambiguous operationalizations of diagnostic core features (e.g., "loss of empathy" for bvFTD; "semantic memory dysfunction" for svPPA) nor straightforward and brief clinical tests with sufficient differential value to discriminate between these dementia subtypes simultaneously are available. The correct application of the clinical criteria and a clinical differentiation of the FTLD variants from each other and from Alzheimer's disease (AD) thus remains challenging, particularly in nonexpert settings and for patients in early disease stages [12] [13] [14] .
Although standardized neuropsychological testing is recommended to differentiate between the different dementia types in early disease stages, a range of former neuropsychological principles have recently been questioned or shown to be invalid for a reliable differentiation between FTLD and early stage AD: Impairments in verbal memory tests may occur to similar degrees in patients with bvFTD and AD either due to confounding executive influences or due to AD-like hippocampal atrophy in subsamples of patients with bvFTD [15, 16] . Similarly, cognitive domains that place high demands on language (including verbal memory tests) are frequently confounded with deficits in task comprehension and/or semantic memory in patient with PPA [17, 18] . Taken together, a considerable overlap regarding performance in standard neuropsychological domains exists between patients with different underlying neurodegenerative etiologies, particularly when only timeefficient screening tests are available [9, 19, 20] .
Standardized assessment of praxis-profiles is time efficient, reliable, and places comparatively little demands on potentially confounding cognitive influences such as working memory or language comprehension. It may thus serve as a versatile neuropsychological tool to differentiate clinically heterogeneous dementia subtypes in early disease stages. However, although mentioned as a basic cognitive domain, apraxia is largely neglected in clinical or neuropsychological routine examinations. Here, we explored patterns of praxis disturbances and tested the clinical feasibility of a single praxis screening for the differential diagnosis between early stages of AD and the three most frequent clinical variants of FTLD (bvFTD, svPPA, and nfPPA). We hypothesized that specific praxis-profiles (operationalized by divergent performance in different praxis domains) are associated with core cognitive deficits of the different dementia syndromes (i.e., visuospatial deficits in AD, linguistic-semantic deficits in PPA, and social cognitive impairment in bvFTD).
Methods

Participants
A total of 93 patients with early (,3 years after the first symptom-onset) neurodegenerative diseases were enrolled in the memory disorder unit at the Department of Neurology at the University Hospital M€ unster, Germany. The initial diagnostic workup was conducted at our inpatient clinic and included neurological examination, history taking with patients and caregivers, consultation of medical records, comprehensive neuropsychological testing as presented in detail elsewhere [19] , motor and speech assessment, and analysis of cerebrospinal fluid (CSF) for dementia biomarkers. Structural T1-and fluid-attenuated inversion recovery-magnetic resonance imaging images of the brain were available from all patients. In addition, 18-Fluorodeoxyglucose Positron Emission Tomography scans were available in 70% (46/66) of patients with suspected FTLD. All recruited patients matched the current criteria for probable AD, probable bvFTD, or imagingsupported PPA evaluated by a multidisciplinary team of senior neurologists and neuropsychologists [10, 11, 21] . Briefly, patients with probable AD (N 5 27) presented with memory decline objectified in episodic memory tests and had high or at least intermediate evidence for the pathophysiological process of AD based on neuroimaging and biomarker constellation [21] . Patients with probable bvFTD (N 5 31) presented with symptom constellations of social conduct decline, apathy, loss of empathy, and/or executive dysfunction in neuropsychological assessment as well as a consistent frontal and/or anterior temporal atrophy or hypometabolism [10] . Patients with svPPA (N 5 21) showed prominent naming and fluency deficits but circumlocutory speech as initial symptoms, whereas patients with nfPPA (N 5 14) initially presented with effortful, halting speech either with or without agrammatism. All patients with PPA showed signs of either brain atrophy or hypometabolism consistent with clinical diagnosis (imaging supported). Patients with mixed PPA or logopenic variant were not included due to their high clinical and pathologic heterogeneity [22] . Dementia biomarker constellation was not indicative of AD in patients with PPA or bvFTD diagnosis. Exclusionary criteria for all patients were as follows: history of stroke, brain tumor, traumatic brain injury, major psychiatric disorders, severe vascular lesion load (Fazekas score 2), and inflammatory CSF or motor impairment (including parkinsonism).
Healthy age-matched control subjects (HC; N 5 34) were relatives of patients, members of the hospital staff, or community-dwelling elderly screened for neurological and psychiatric disorders. HCs with a Mini-Mental State Examination (MMSE [23] ) , 28 were excluded. The study was approved by the local ethics committee (2012-365-f-S), and participants gave written informed consent.
Praxis assessment
We used the Dementia Apraxia Test (DATE) as a screening for praxis impairment as previously described [24] . The test was recently recommended by the European Neurodegenerative Diseases Working Group, and it provides good psychometric properties, standardized stimulus material, and instructions as well as a reliable clinical rating system [6] . It provides a total apraxia score (DATE total) composed of five subscales (two subscales for limb apraxia and three for buccofacial apraxia): for limb apraxia (DATE 1), the subscales imitation of meaningless hand postures (limb imitation) and pantomiming of common objects (object pantomime) are tested. For buccofacial apraxia (DATE 2), the test assesses imitation of face postures (face imitation), emblematic buccofacial postures (e.g., "show me how you clear your throat"; buccofacial emblems), and repetition of pseudowords to test for apraxic speech. Each subscale of the DATE can be described with regard to two dimensions: demands on stimulus-specific semantic knowledge (e.g., knowledge about a common tool vs. novel stimuli) and the involved body part (face vs. limbs). For example, whereas imitation of meaningless hand postures and repetition of pseudowords represent novel stimuli and place relatively little demands on semantic memory, pantomiming of common objects or emblematic buccofacial postures crucially depend on semantic knowledge about the respective stimuli and/or gesture.
Neuropsychological background testing
To evaluate the overall cognitive status and frontalexecutive impairment, we used the MMSE and the Frontal Assessment Battery, respectively [25] . To screen for specific neuropsychological dysfunctions, we used the Language Aphasia Screening Test [26] for semantic-linguistic abilities, the subtest "number location" from the Visual Object and Space Perception Battery [27] for visuospatial impair-ment, and the Emotion Recognition subtest of the Mini-Social Emotional Assessment [28] to explore sociocognitive deficits. Moreover, a standardized caregiver questionnaire for abnormal behavior, also tapping into social cognition, the Frontal Behavioral Inventory [29] was employed. All test procedures were administered and scored by neuropsychologists in accordance with the respective manual.
Statistics
Statistical analyses were performed using SPSS, version 25 (IBM). Group differences in demographic data, disease severity scores, and neuropsychological background tests were analyzed using analysis of variances. Group differences in praxis-profiles (DATE) were explored using a multivariate analysis of variance. Normality of distribution was confirmed by visual inspection and Kolmogorov-Smirnov tests. Multivariate discriminant function analysis was performed to determine how well dementia subtypes can be distinguished based on the DATE. Before this, the variance-covariance matrix was checked for strong inhomogeneity. To explore associations between neuropsychological background tests (see Section 2.3) and praxis performance, we computed Kendalls-Tau-b rank correlations for ordinal data using the whole patient sample. Table 1 summarizes demographics, disease severity scores, and clinical characteristics of the patients and HC. Significant between-group differences were found for age (F 5 2.705, df 5 4, P 5 .03) and sex (c 2 5 23.306, df 5 4, P , .000). Patients with AD were significantly older than patients with bvFTD, and there was a significantly higher proportion of males among bvFTD compared with the other groups, reflecting typical demographic differences between AD and bvFTD. Groups did not differ regarding years of education or disease duration. Comparison of CSF biomarker profile revealed lower total amyloid-b and CSF levels in the AD group compared with all other dementia groups. Total tau was significantly higher in the AD group than bvFTD. Performance in MMSE and Frontal Assessment Battery was significantly lower in all dementia subtypes compared with HC. Between dementia subtypes, MMSE scores were significantly lower in svPPA versus bvFTD patients, and scores in the Frontal Assessment Battery were lower in AD versus nfPPA. The average Frontal Behavioral Inventory score was significantly higher in patients with bvFTD than in patients with AD and nfPPA, whereas no difference between svPPA and bvFTD was seen. As expected, both PPA groups had significantly lower scores than all other dementia patients in the Language Aphasia Screening Test, but no differences emerged between nfPPA and svPPA. Patients with AD reached significantly better results than all other dementia subtypes in the Mini-Social Emotional Assessment emotion recognition score. For the Visual Object and Space Perception Battery "number location" subtest, no significant group differences were found. Taken together, although significant differences between specific groups on specific neuropsychological background tests were found, no single screening test was able to reliably differentiate between all four dementia subtypes. Table 2 summarizes results of the DATE for dementia subtypes and HC. DATE total score was significantly lower in all dementia subgroups compared with HC. The scale DATE 1-limb apraxia differed significantly between HC and patients with AD or PPA diagnosis. On the scale DATE 2-face apraxia, all dementia subtypes performed significantly lower compared with HC and patients with bvFTD and nfPPA performed lower than patients with AD. Fig. 1 indicates DATE subscale performance for each group. Significant differences between dementia types were found on all five subscales. Patients with AD showed significantly lower performance in limb imitation than patients with bvFTD. On the subscale object pantomime, results differed significantly between patients with svPPA and bvFTD. Patients with nfPPA were most impaired in face imitation, and bvFTD also showed a statistical trend toward lower performance in face imitation compared with AD patients. On the subscale buccofacial emblems, patients with svPPA and nfPPA scored significantly lower compared with AD. Patients with nfPPA were significantly more impaired on the subscale pseudowords compared with all other dementia subtypes. Taken together, we found group-specific praxis-profiles showing major deficits in limb imitation for AD, major deficits in buccofacial praxis domains for both bvFTD and nfPPA, major impairment in subscales demanding semantic memory for svPPA, and a differential deficit for nfPPA on the subscale measuring apraxic speech. To test how well these between-group differences in the different subscales (i.e., praxis-profiles) could discriminate between groups, we next used a discriminant function analysis on the data.
Results
Demographic data, disease severity scores, and neuropsychological background tests
DATE praxis-profiles of dementia subtypes
Differentiation of dementia subtypes based on praxis-profiles
Discriminant function analysis, including the dementia subtypes as grouping variable and the five subscales of the DATE as discriminating variables, identified three significant discriminant functions ( Fig. 2A ). Function 1 (Wilks'l 5 0.443, c 2 5 66.438, P , .000) discriminated between AD versus bvFTD and AD versus nfPPA. The function showed positive correlations with all buccofacial praxis subscales: pseudowords (r 5 .697), face imitation importantly between nfPPA and svPPA. This function showed a positive correlation with buccofacial emblems (r 5 .686) and a negative correlation with pseudowords (r 5 2.499). Fig. 2A displays means of the discriminant scores for all three functions grouped by dementia subtype. Regarding the efficiency for differential diagnosis using only the DATE, a total of 64.4% of cases could be correctly classified to the correct dementia subtype. Fig. 2B represents the percentage of classified cases for each dementia subtype to the different groups. Inspection of Fig. 2B shows that some groups were easier to classify than others: In patients with svPPA, a relatively large percentage of cases (20%) was falsely classified as having AD, whereas patients with AD were rarely classified as having FTLD (,15%). In fact, when only FTLD (bvFTD, nfPPA and svPPA merged) versus AD patients were discriminated, the classification accuracy of the DATE raised to 78.2%.
Associations between DATE subscales and cognitive screening tests
To confirm our hypothesis that praxis performance taps into specific cognitive abilities and that the disease-specific praxis-profiles reflect cognitive core symptoms of the different dementia subtypes, we computed rank correlations between the DATE subscales and neuropsychological background tests across the whole patient sample. Significant correlations were found between the VOSP "number location" subtest performance and subscales measuring limb apraxia: limb imitation (r 5 .258) and object pantomime (r 5 .240), indicating associations between visuospatial processing and these subscales. The language screening test LAST showed significant correlations with subscales that are highly Abbreviations: HC, healthy controls; AD, Alzheimer's disease; bvFTD, behavioral variant of frontotemporal dementia; svPPA, semantic variant of primary-progressive aphasia; nfPPA, nonfluent primary-progressive aphasia; DATE, Dementia Apraxia Test; ANOVA, analysis of variance.
NOTE. Results are expressed as mean 6 SD. *Significant differences (P , .05) between groups by ANOVAs and post hoc comparisons (Games-Howell Tests). showing negative correlations with subscales depending on buccofacial abilities (i.e. face imitation, buccofacial emblems, and pseudowords), indicating that more behavioral dysfunction may be associated with less accurate face imitation. Table 3 summarizes results of these correlational analyses.
Discussion
Praxis impairments have extensively been studied in stroke, and its assessment in early stages of neurodegenerative diseases has only recently been a subject of systematic research [2, 3, 30] . Previous studies suggested that apraxia is promising as a cognitive marker for AD versus bvFTD [6, 7] . We showed here that different neurodegenerative dementia subtypes display characteristic patterns of praxis impairment in early stages when directly contrasted using a single apraxia screening test. These praxis-profiles were effective differential diagnostic markers and showed close and coherent associations with already established and typical core cognitive deficits of AD, bvFTD, svPPA, and nfPPA.
The DATE as a versatile tool for clinical dementia subtype classification
Neuropsychological tests are designed to tap into dysfunction of specific neuroanatomical structures (e.g., episodic memory tests primarily quantify medial temporal lobe function) [31] . Clinicians, however, are often confronted with a large overlap between dementia subgroups regarding neuropsychological test performance [19, 20] . In light of diffuse neuronal loss common to neurodegenerative diseases irrespective of the underlying etiology, overlapping cognitive symptoms are the rule rather than the exception in clinical routine. "Profiles" of deficits reflecting foci of relative neuronal loss in certain brain regions (e.g., frontal lobe vs. parietal lobe) or in large-scale functional networks may better account for cognitive and clinical heterogeneity in dementia syndromes than performance in single cognitive domains [32, 33] . A detailed functional assessment of remote neuroanatomical structures is however time-consuming, and some tests are not applicable in certain patient groups (e.g., due to comprehension deficits in aphasic patients). Standardized brief tests that display characteristic patterns in different etiologies are sparse. In line with this, we found that no standard neuropsychological background screening test used here was able to reliably differentiate between all four diagnostic groups and HC simultaneously. In contrast, patient's performance across the DATE subscales varied systematically depending on the diagnosis. While there was overlap between dementia subtypes in single praxis domains, variance between groups extracted by multivariate discriminant function analysis revealed disease-specific patterns. Based on this between-group variance, a correct classification of 64.4% of patients into the correct diagnostic category (according to current clinical guidelines) was achieved, a proportion that is remarkable given that chance-level is at 25% with four diagnostic categories. For the differentiation between all clinical variants of FTLD combined versus AD, an even better diagnostic value of 78.2% correct classifications was reached. We interpret these findings as a proof-of-principle that disease-specific profiles in praxis performances can be effectively used for differential diagnosis across a range of early neurodegenerative diseases. Given that the DATE can be administered in less than 15 minutes, our results argue to include praxis assessment into the diagnostic workup for early neurodegenerative diseases.
Specific profiles of praxis impairments in each dementia syndrome
Previous studies have shown that praxis can be impaired early in AD and bvFTD with evidence for more severe impairment in limb praxis for AD and in buccofacial praxis for bvFTD [5, 34] . Only two studies have specifically explored apraxic deficits in patients with PPA, showing higher degrees of praxis deficits across all domains in patients with nfPPA compared with other subtypes [4, 35] . Because definitions of apraxia and methods of assessment differed profoundly between studies, results cannot be directly compared, and the relevance of such findings for differential diagnosis is unclear. To our knowledge, this is the first study to directly contrast results in a single standardized test for praxis abilities in clinically well-defined samples of the most frequent young-onset neurodegenerative dementia syndromes, AD, bvFTD, nfPPA, and svPPA.
In line with our previous work on the degree and profile of praxis impairment, patients with AD were impaired in limb imitation and to a lesser degree in object pantomime, whereas performance in buccofacial praxis domains was mostly unimpaired. Current evidence from structural neuroimaging points to a crucial dependence on left and medial parietal lobe integrity for limb imitation and to more ventrally temporal neural substrates for object pantomime [30, 36, 37] . Such results form the basis of the proposed dual-route model for gesture production [38] . Consistent with this, parietal and temporal cortices are early targets of neurodegeneration in AD and have been previously associated with visuospatial processing and object semantics, respectively, thus reflecting core features of cognitive and neural dysfunctioning in AD. In line with this, limb apraxia subscales as measured by the DATE were significantly correlated with performance in the VOSP 7, a cognitive test for visuospatial processing.
In contrast, patients with bvFTD showed major impairments across the buccofacial praxis subscales. Although the neural basis of buccofacial praxis abilities is far less clear, functional neuroimaging studies in healthy participants point to a crucial role of frontal, subcortical, and anterior temporal areas (including the insular) for decoding information from visually presented faces [39] . As both faces and speech convey information relevant for social conduct, deficits in buccofacial praxis may be related to core symptoms of bvFTD such as loss of empathy, thus reflecting core symptoms of this dementia subtype [10] . Although more evidence is needed here, our result of significant correlations between buccofacial praxis subscales and measures for social cognition (i.e., emotion recognition and behavioral abnormalities) support this hypothesis.
We also revealed disease-specific profiles of praxis impairment using the DATE in patients with the two language variants of FTLD. Similar to patients with bvFTD, patients with svPPA showed relatively little impairment in limb imitation and pseudoword repetition, domains that do not place high demands on semantic memory and foreknowledge. Instead, the praxis-profile of svPPA was characterized by pronounced and unique impairment regarding buccofacial emblems (e.g., "show me how you clear your throat") and to a lesser degree regarding object pantomime. Correlations between these scales and the Language Aphasia Screening Test suggest that these impairments are mediated by deficits regarding stimulus-specific semantic memory. This interpretation also fits well with the neuroanatomical evidence that semantic knowledge is predominantly subserved by areas in the anterior (ventral) temporal lobe, the key target of neurodegeneration in svPPA [40] .
Compatible with previous studies, patients with nfPPA showed the most pronounced praxis impairment from all dementia groups across all subscales but with a unique feature of apraxia of speech (pseudoword repetition) [4, 35] . Clinically, nfPPA is the group with the most severe and global language production and comprehension deficits, similar to the prototypic Broca's aphasia following left media infarction. Neuroanatomically, nfPPA is characterized by a large-scale damage to the left temporal and posterior frontal lobe [40] . Within the framework of the aforementioned dual-route model for gesture production, atrophy in these areas may ultimately impair both routes, the ventral "what" route, associated with the semantic components of gestures (e.g., object and manipulation knowledge) and the dorsal "how" route, crucial for online-processing during imitation and spatial decoding of novel stimuli [38] .
Conclusion
Brief cognitive tests for standard neuropsychological domains (e.g., memory, language, and executive functions) often yield inconclusive results regarding clear differential diagnoses of clinical variants of FTLD and AD. In the case of PPA, a wide range of neuropsychological tests is invalid as they heavily rely on comprehension and language skills. The present study showed that distinctive praxis impairments can efficiently and validly be assessed across clinically heterogeneous neurodegenerative dementia syndromes, supporting clinicians in the differential diagnosis of AD and FTLD subtypes in early disease stages. Results also showed that standardized assessment of praxis domains effectively taps into core cognitive deficits of these dementia syndromes, validating previous hypotheses regarding the cognitive basis of differential praxis-profiles in dementia (i.e., limb apraxia associated with visuospatial impairment, buccofacial imitation associated with sociocognitive abilities, and pantomime/communicative gestures associated with semantic memory and language). The current results thus extend the evidence that apraxia is a multifaceted rather than a homogeneous cognitive disorder. Future studies should directly explore the structural and functional neural bases for praxis domains beyond the known brainbehavior links for limb imitation and object pantomime in early neurodegenerative diseases. Funding: This research did not receive any specific grant from funding agencies in the public, commercial, or not for-profit sectors. Authors' contribution: A.J. contributed to study concept and design, acquisition of data, analysis and interpretation of data, statistical analyses, drafting the manuscript, study coordination, and study supervision. S.R. contributed to acquisition of data, analysis and interpretation of data, statistical analyses, and drafting the manuscript. H.W. contributed to study supervision and reading of the manuscript for intellectual and medical content. S.G.M. contributed to study supervision and reading of the manuscript for intellectual and medical content. T.D. contributed to study coordination, supervision, and reading of the manuscript for intellectual and medical content.
RESEARCH IN CONTEXT
1. Systematic review: We searched PubMed/MEDLINE for literature on the prevalence of apraxia in neurodegenerative dementias. Apraxia is far less studied than other cognitive domains in dementia. While few studies on clinical feasibility and diagnostic accuracy of apraxia assessment exist for single diagnoses (e.g., Alzheimer's dementia), the applied methodology is rather heterogeneous. Relevant studies have been cited. We found no work regarding differential diagnoses between language and behavioral variants of frontotemporal lobar degeneration and Alzheimer's disease.
2. Interpretation: Our findings show that the assessment of apraxia can effectively and efficiently help to discriminate early stages of dementia of the Alzheimer's dementia and frontotemporal lobar degeneration spectrum as each dementia subtype presents with distinctive praxis-profiles. These profiles show consistent associations with diseasetypical standard neuropsychological domains which are more time consuming to assess.
3. Future directions: Results strongly argue for the inclusion of praxis impairment into clinical criteria for Alzheimer's dementia and the three major clinical variants of frontotemporal lobar degeneration. Neural correlates of disease-specific praxis-profiles by structural magnetic resonance imaging may validate our findings.
